Incramute is a high damping Mn-Cu alloy with a nominal composition (all compositions in weight percent) of 45Mn-53Cu-2A1 (1). This alloy exhibits a specific damping capacity (SDC) as high as 68% (1,2) where the SDC is defined as the ratio of the energy lost to the maximum vibrational energy stored per cycle per unit volume. The high damping character of Incramute is formed by a solution heat treatment and aging sequence which develops a chemically modulated microstructure with Mn-rich regions. This microstructure exhibits the tweed morphology when imaged using transmission electron microscopy (TEM) and a two-beam diffraction contrast. The Mn-rich regions are believed to be unstable and exhibit a reversible martensitic transformation from face centered cubic (fcc) to body centered tetragonal (bct) (3). The bct transformation product is usually referred to as face centered tetragonal (fct) in the literature because the c/a ratio is near unity.
The purpose of this investigation was to determine if these pinning agents may be eliminated by precipitation of stable rare earth compounds. It is doubtful that Si has a sufficient mobility to produce the strain aging effect at room temperature and the present investigation will focous on the interstitial solutes C, O, and N. The rare earth element Erbium (Er) was chosen for this work.
Exoerimental Procedure
Commercially produced Incramute with a nominal composition of 45Mn-53Cu-2A1 (weight percent) was obtained from Olin Brass Co. via Caterpillar, Inc. The stock was received in the form of 6.4 mm thick sheet. Erbium additions of 0.1 weight percent were made to the wrought Incramute by induction melting under an Ar gas atmosphere using an alumina crucible. The 60 g molten charge was solidified under vacuum (10 -3 torr) and then water quenched to room temperature. The wrought Incramute and the Er-treated ingot were hot rolled at 800°C to produce a final sheet thickness between 1 to 1.5ram. Rectangular-beam test coupons having nominal dimensions of 50mm x 10mm x lmm were sheared from the central area of the rolled sheets. A solution heat treatment was performed at 820°C for 2 hours and was followed by a water quench. Artificial aging was performed at 400°C in two steps: the samples were first aged 4 hours to test an underaged condition; the samples were then aged an additional 12 hours to produce the peak-aged condition. The peak-aging time for Incramute was established by Reskusich as 16 h at 400 °C (16) . Both solution and aging heat treatments were performed under a positive pressure of argon gas and were subsequently water quenched. Aged samples were stored at -25°C until testing to prevent room temperature aging.
A Dupont model 983 Dynamic Mechanical Analyzer (DMA) was used to measure the room temperature damping response as a function of strain amplitude, frequency, and time. The strain amplitude was varied from 200 to 2000 kte by changing the oscillation amplitude while a multiplexing program utilized test frequencies of 0.1, 1.0, 5.0, and 10.0 Hz. The strain stepping test (breakaway test) utilized a fixed frequency of 1 hz and stepped the strain in a sequence of low-high-low, e.g. 450-1500-450 lie.
Specimens for TEM were punched from the rolled sheet which had been thinned to 150-200 ~tm using 600 grit SiC paper. Electrolytic thinning was performed using a Fischione Twin Jet polisher. Optimum thinning and polishing were obtained with an electrolyte containing (by volume) 67% ethanol, and 33% nitric acid using a potential of 20 V and a current density of approximately 6 mA/mm 2. Surface film formation resulted after removal of the sample from the electrolyte and this was subsquently removed by ion milling [Ar] for 20 minutes.
Results
Solution heat treatment of the wrought and the Er-treated material produced an average grain size of 100 ~tm, see Fig. 1 . Annealing twins, typical of Cu-based fcc materials, were evident in each material. Initial damping tests were performed on the underaged samples by examining the strain dependence of the loss tangent and room temperature aging. Tests were conducted at a frequency of 1 Hz and between 200 and 2000 ~. The strain amplitude dependence of the damping is shown in Fig. 2 and the effect of room temperature aging is summarized in Table I . Both materials exhibited room temperature aging in the underaged condition, but it should be noted that the loss tangent of the Ermodified Incramute shows a higher strain amplitude dependence. In addition, the underaged samples were subjected to a strain stepping experiment to determine if the application of a high strain amplitude would restore the room temperature aged material to a higher damping state, see Fig. 3 . Indeed, some of the damping capacity was recovered in the wrought and the Er-modified materials. It should also be noted that the loss tangent for the wrought material decreases with strain amplitudes greater than 1000 ge. This decrease in the damping with the higher strain amplitudes has been observed by other workers (5, 7, 12, 16) in the underaged Cu-Mn materials.
The underaged samples were then aged an additional 12 hours at 400°C to produce the peak-aged condition. The strain amplitude dependence of the loss tangent is shown in Fig. 2b for both materials. Again the Er-modified Incramute shows a higher strain amplitude dependence for the loss tangent. The loss of damping as a result of room temperture aging is summarized in Table I . As may be observed from these results the Er-modified material does not show a significant room temperature aging dependence. After 264 hours of storage at 23°C the peak-aged 0.1% Er sample displayed a loss tangent of 0.029 when measured at a frequency of 1 Hz and a strain amplitude of 490 ~te. The loss in damping capacity resulting from room temperature aging was only 5%. This may be compared to a 45% decrease observed for the wrought Incramute sample. Furthermore, the strain stepping experiments show that the wrought Incramute loses damping very rapidly even at the high strain amplitudes, while the Er-modified Incramute is relatively insensitive, see Fig. 4 . A comparison of the peak-aged alloys (Fig. 5) shows a qualitative difference in the tweed microstructure between the wrought and Er-modified materials. Both TEM bright-field images were recorded with g---022 and the electron beam aligned close to <011>. Although the magnitude of the tweed modulation is similiar between the two materials, the orientation of the tweed contrast differs significantly. In addition, a Mn-rich second phase is present in the Er-modified alloy and this second phase contains Si as shown by x-ray energy dispersive spectroscopy (XEDS), see Fig. 6 . A complete TEM analysis of the two materials will be presented elsewhere (18) .
Discussion
The most significant observations from this investigation were that the addition of 0.1% erbium to Incramute substantially reduced the loss of damping capacity associated with room temperature aging and increased the strain dependence of the loss tangent. Therefore, it may be concluded that the damping capacity of Incramute can be considerably improved by micro-alloying with erbium. It is interesting to note that previous work concerning rare earth additions (Sm and Yb) to Incramute did not produce significant changes in the damping properties (19). In these earlier studies, however, Er was not used and the rare earth additions were made to a Sn-modified Incramute designated as Incramute II.
These initial studies of the wrought and Er-modified Incramute suggest a swain aging effect is responsible for the loss in damping capacity during room temperature storage. This type of mechanism has been previously suggested by Richie et al. for the room temperature aging of the Sonoston alloy (15) . Sonoston has a nominal composition given in weight percent as 55Mn-37Cu-4A1-3Fe-1Ni. In the Sonoston alloy, the investigators speculated that interstials (C,O, and N) or Si, or both were responsible for the damping capacity loss. Examination of the room temperature diffusivity of Si in Cu would suggest that Si is not responsible for the loss of damping which is observed on short time scales, i.e. less than 24 hrs., but may account for damping losses which result after 7 days. Indeed the strain aging associated with Si may be more detrimental since Si would be a more effective pinning agent. Hence, Si diffusion and subsequent solute pinning may explain the long-term loss of damping capacity while short term losses may still be attributed to solute pinning by interstitials.
A qualitative understanding of the observed strain stepping behavior may be illustrated by considering the difference in the number of interstitial solute atoms per unit area of active damping interface for the underaged and peakaged conditions. Assuming that both the wrought and Er-modified Incramute samples respond to aging in a similar fashion, i.e. the same aging kinetics, then equivalent damping microstructures are developed. Thus, an equal density of damping interface would exist in the two materials studied. Artificial aging, up to the peak-aged condition (16 hrs. x 400°C), would increase the twin-domain interface area. The erbium-rich dispersoids are thought to tie-up Si and some interstitial atoms, thereby reducing the number of available pinning agents. The observed breakaway behavior (see Figs. 4a & 4b) in the wrought and 0.1% Er Incramute samples may then be explained by using the interstitial density argument given above. Thus, the Er modified Incramute is not subject to strain aging in the peak-aged condition, but exhibits some strain aging when the available twin-domain interface area is smaller as expected in the underaged condition.
It is interesting to speculate that the erbium serves a dual purpose in improving the damping character of Incramute. Firstly, the presence of the Mn-Er second phase demonstrates a gettering of Si and possibly interstitials. Analytical electron microscopy studies of the Er-modified Incramute will be presented elsewhere (18) . As stated previously by Ritchie et. al., Si may have a detrimental effect on the room temperature damping stability (15) . Thus, the removal of Si from solid solution would eliminate one possible pinning agent. In addition, Si may be a more effective pinning agent than the interstitials, thus being more detrimental to the overall damping performance of Incramute. The second effect of the Er addition may be related to the electron/atom variation of the Mn-rich regions in the aged structure. The presence of Er, or perhaps the absence of Si, may increase the electron/atom ratio thus contributing a larger change in the magnetic moment when the c-axis is reorientated, as observed by Perkins et al. (2-3) . Thus, the loss tangent would show a higher strain dependence.
Conclusions
The addition of 0.1 weight percent Er to Incramute has been shown to increase the strain dependent damping and to significantly reduce the room temperature aging behavior. The room temperature aging phenomenon appears to be a strain aging effect. Erbium forms a Mn-rich second phase and acts as a getter for Si and possibly interstitials. The loss of damping capacity during room temperature aging may occur in two stages. A short term component may occur on the time scale of minutes involving the diffusion and interface pinning by interstitial solute atoms and strain stepping experiments demonstrated a break-away behavior (increase in loss tangent) analogous to the Lechatlier effect. The damping capacity loss occurring on a time scale of weeks may be the result of interface pinning by Si which would be expected to be more detrimental producing a permanent loss of damping. 
